ABSTRACT: Intraspecific life history attributes of growth, survival, and reproduction can vary in response to changes in the physical environment. These changes can induce a cascading effect across trophic levels. In marine systems, shifts in ocean conditions such as warm and cold phases of ENSO can change primary production in benthic algae, which in turn modify resources available to benthic omnivores. Monthly gonad samples of the purple sea urchin Strongylocentrotus purpuratus were taken from 2007 to mid-2009 at sites from Vancouver Island, Canada, to Punta Baja, Mexico. Although mean sea surface temperature (SST) changed by ~8°C from north to south, latitudinal patterns of size-specific gonad weight were not detected, although differences existed across sites. At individual sites, mean SST changed by <1°C from 2007 to 2009. Gonad index data from Yankee Point, California (USA), from 1952 to 1964 included mean annual temperatures that varied by 2.4°C and both strong El Niño and La Niña events. Yankee Point data showed significant (p ≤ 0.01) correlations with the Multivariate ENSO Index, SST, the Northern Oscillation Index, and the Oceanic Niño Index. Dissections at other sites along the coast from mid-1960 to 2009 showed that size-specific gonad weights were lower during periods of El Niño than during periods of La Niña.
INTRODUCTION
Patterns of density, growth, reproduction, and survival along environmental gradients or through time continue to be a mainstay of ecological studies of life histories. Availability of resources and their acquisition are of major importance, and resources in excess of what are required for maintenance can be used for somatic growth, reproduction, or storage (e.g. Levins 1968 , Heino & Kaitala 1999 , Kozłowski et al. 2004 . Evolutionary pressures act on these trade-offs, and, given constraints of reaction norms, year to year environmental fluctuations can result in allocation changes.
Marine environments experience seasonal changes in physical conditions as well as variations that have a frequency of 5 to 10 yr (El Niño Southern Oscillation, ENSO) together with longer-period chan ges such as the Pacific Decadal Oscillation (PDO, Mantua & Hare 2002) . The bottom-up effects of these physical changes on availability of nutrients and primary production are well known, as are the further links in pelagic systems to zooplankton, fish, sea birds, and marine mammals (e.g. Cowles et al. 1977 , Barber & Chavez 1983 , Glynn 1988 , Peterson et al. 2002 , 2010 , Ware & Thomson 2005 , Thiel et al. 2007 , Tapia et al. 2009 ). Large-scale ocean conditions can also influence nearshore biological processes whereby macroalgae can be severely reduced or eliminated as a result of high coastal temperatures and reduced upwelling of nutrients during El Niño (e.g. Dayton et al. 1999 , Edwards 2004 , Parnell et al. 2010 . Links between phytoplankton production and intertidal filter feeders have also been documented (e.g. Menge et al. 1997 , Sanford 1999 , Nielsen et al. 2008 .
Increased upwelling and associated increased nutrients can stimulate production of benthic algae (Nielsen & Navarrete 2004) , and Freidenburg (2003) showed that kelps along the Oregon coast responded negatively to the 1997 to 1998 El Niño. During El Niño, warm water depresses the thermocline so that even when upwelling occurs, warm water from above the thermocline is upwelled rather than cold, deep water (Barber & Chavez 1983) . During El Niño, periods of downwelling can also occur. For shallowwater benthic grazers, detritivores, and omnivores, year to year changes in macroalgal production can be expected to drive changes in resource allocation. Algae can be grazed by benthic invertebrates or utilized as detritus and hence considered a nutritional subsidy.
As algae break down, the detritus can be a significant resource for a variety of near-shore benthic invertebrates such as barnacles and mussels (Duggins et al. 1989) , amphipods (Crawley et al. 2009 ), limpets (Bustamante et al. 1995) , abalone (Tutschulte & Connell 1988) , and sea urchins (Ebert 1968 , Rodriguez 2003 , Kelly et al. 2012 ). The implication is that ocean conditions should have an important role in the amount of food available to benthic invertebrates and hence the amount of surplus resource above maintenance that is available for growth, reproduction, and storage.
Current oceanographic data permit exploration of links between ocean conditions and life-history traits over both temporal and spatial scales. There are various measures of ocean conditions that modify functions of marine organisms. Some of these conditions are focused on single features such as sea surface temperature (SST, e.g. Barnes et al. 2001 ) or upwelling (Bakun 1973 e.g. Peery et al. 2006) while most, such as the PDO (Mantua & Hare 2002) or the Multivariate ENSO Index (MEI, Wolter & Timlin 1993) , use a principal components analysis to integrate environmental measurements. The MEI uses 6 variables (air temperatures, SST, sea level pressure, surface wind, and cloudiness) to characterize the state of ENSO conditions. Negative MEI values represent the cooler ENSO phase (La Niña) characterized by higher productivity, whereas positive MEI values represent the less productive warm ENSO phase (El Niño). The MEI.ext (Wolter & Timlin 2011) uses only sea level pressure (SLP) and SST and with the original MEI (Wolter & Timlin 1993) ; the MEI.ext is the first principal component.
The PDO index uses North Pacific SSTs north of 20°l atitude and the monthly anomaly from 1900 to 1993 as a baseline (Mantua & Hare 2002) . The index is the first principal component of the difference between the anomaly and the mean global SST monthly anomaly. The Northern Oscillation Index (NOI, Schwing et al. 2002) is based on the difference in SLP anomalies in the northeast Pacific and near Darwin, Australia.
The North Pacific Gyre Oscillation (NPGO, Di Lorenzo et al. 2008 ) uses a principal components analysis of the anomalies of SST and sea surface height. The PDO pattern is found in the first principal component and the NPGO index is the second component. The North Pacific (NP) Index (Trenberth & Hurrell 1994 ) is the area-weighted mean SLP over the region 30° to 65°N, 160°E to 140°W. The Oceanic Niño Index (ONI) uses Niño 3.4 (120° to 170°W, 5°S to 5°N) SST anomalies relative to a base period climatology of 1950 to 1979 (Trenberth 1997 ) with a 3 mo running average. Finally, we used integrated annual upwelling based on Singular Spectral Analysis (Macias et al. 2012) .
All of these measures and indices represent largescale ocean processes that can influence the availability of nutrients to organisms, and all have been shown to correlate very well in various studies, although no index works best for all studies. We examined 9 measures and indices with respect to the 1953 to 1963 gonad index data. Our goal was to show how large-scale ocean events influence secondary production of an intertidal omnivore, a bottom-up process. As the precise causal linkages cannot be made, they are presented as hypotheses that remain to be tested.
The purple sea urchin Strongylocentrotus purpuratus (Stimpson 1857) is a common intertidal omnivore along the west coast of North America occurring from at least Torch Bay, Alaska, USA (58°19' N, 136°48 ' W, Duggins 1981) to Los Ojitos, Baja California del Norte, Mexico (28°54.5' N, 114°27' W; photo record obtained by JCH). Unlike its congener S. franciscanus, it is not the focus of a fishery. Early studies of gonad development of this species included monthly dissections of samples from Yankee Point, California, USA (36°29' 32" N, 121°56' 42" W) from 1952 to 1964 (Lasker & Giese 1954 , Bennett & Giese 1955 , Lawrence et al. 1965 , Boolootian 1966 ) and pro-duced the longest continuous dissection record of samples at 1 site. Additional historical records exist of gonad dissections along the coast, including sites in central Oregon (Ebert 1968 , Gonor 1972 , central California (Kenner 1992 , Lester et al. 2007 ), southern California (Leighton & Jones 1968 , Coleman 1993 , Basch & Tegner 2007 , Lester et al. 2007 , and Mexico (Lester et al. 2007) . Smaller data sets also exist from sites along the coast consisting of just a single or a few dissection dates. All of these data form a temporal and spatial record of allocation of resources to gonads that can be used for comparison with more recent data.
Purple sea urchins live in what has been termed a fine-grained environment (Levins 1968) . They are long-lived (Russell 1987 , Ebert 2010 ) with generation times that span environmental variation within years, inter-annual changes over many years (El Niño− La Niña events), and even extended decadal shifts. Coupled with a long larval period (Strathmann 1978) and potential for long-range dispersal as indicated by a lack of genetic differentiation (e.g. Palumbi 1995 , Flowers et al. 2002 , substantial phenotypic plasticity is expected in fitness components (Levins 1968 , Schlichting & Pigliucci 1998 , Schoeppner & Relyea 2009 .
The purpose of this paper was to explore bottomup forcing by ocean conditions on annual gonad growth of Strongylocentrotus purpuratus. January 2007 January to mid-2009 Strongylocentrotus purpuratus were collected each month at intertidal locations along the North American west coast (Fig. 1) . Monthly samples included a wide range of sizes, and total and gonad wet weights (WW) were determined to the nearest 0.01 g. Outliers were always checked with assistants and corrected when the problem had been data entry but at the end, remaining outliers always were included in analyses. To the extent possible, samples taken from 2007 to 2009 were gathered in the same pool or channel.
MATERIALS AND METHODS

From
Some adjustments had to be made because removal of 20 ind. mo −1 could deplete a pool, and a close pool or channel had be to selected. Length and width measurements of adjacent pools and channels were made and sea urchins were counted to give an estimate of density at each site.
It was not possible to sample at the historic Yankee Point site because it is now within a closed and gated community with no public access. The collection site we used at Garrapata is ~3 km south of Yankee Point. We also experienced problems at some sites. Maalthsit, previously called 'Flat Top Rock' (Russell 1987) and 'Mabens Beach' (Ebert 1988) , is ~5 km south Because gonads do not begin to develop until sea urchins are larger than the size at settlement, an adjustment to weight was needed, which was estimated to be 0.5 g (Ebert et al. 2011) . Also, this previous analysis showed that both β and α of the allometric equation of gonad versus total adjusted weight (Eq. 1) varied with season; consequently, these changes were also incorporated into the analysis.
Spatial differences were explored starting with an allometric equation for gonad WW, g, and total WW, w, that included the 0.5 g correction:
or, using G = lng, T = ln(w − 0.5), and A = lnα,
If a gonad index (GI) were to be used, β would be set equal to 1.0. Analysis of the annual cyclic change in gonad size started with a modification of the model presented by Halberg et al. (1987) :
Starting with Eq. (2), Eq. (3) was written as appropriate for a gonad index, GI, with β fixed at 1.0 and with no seasonal variation in this parameter.
Two additional parameters were then added to permit β to vary seasonally. Also, year to year variation in gonad development can occur, and so for 2007 to 2009, the pattern could be linear (increasing or decreasing), including 0 change, or quadratic. To model these additional complications, Eq. (4) was modified:
where T = ln-transformed total WW (g) adjusted by first subtracting 0.5 g, A = the mean of lnα, which in Eq. (5) was seasonally adjusted by M cos[(2π/τ)t i + φ], M = the amplitude of half the total predicted change of lnα, τ = duration of 1 cycle, which was fixed at either 1.0 or 0.5 yr, t i = time when samples were collected starting with 0 on 1 January 2007, φ = lag from reference time of the crest of the cycle, the 'arcophase' (Halberg et al. 1987) , β = mean of the allometric exponent adjusted seasonally by C cos [(2π/τ) Latitudinal differences in gonad development were explored by selecting a fixed total WW, arbitrarily selected to be 50 g, which is a size that was collected at all sites. Maximum gonad size and 95% confidence limits were estimated for each site and year using fitted parameters in Eq. (5) (FUNPAR in NONLIN, SYS-TAT 2004) . Latitudinal change in maximum gonad size was then examined using linear regression.
SSTs were recorded in the intertidal with loggers (Solinst levelogger Model 3001) set in tidepools or channels close to where sea urchins were collected for monthly dissections. Occasional problems, including malfunctions and vandalism, limited temperature measurements for the entire period of 2.5 yr. Intertidal temperatures are presented as minimum and maximum values for each day. Minimum estimates are taken as an estimate of SST, whereas maximum values occurred during low tide periods during sunny days. Loggers were not used at all sites, and in these cases, SST was obtained from shore stations maintained by NOAA or by educational institutions.
Sources of oceanographic data and indices were: SST (shorestation.ucsd.edu; bml. ucdavis.edu/ boon/ data _seawater_temperature.html; tidesandcurrents. noaa.gov/gmap3/), upwelling (pfeg.noaa.gov), MEI and MEI.ext (esrl.noaa.gov/psd/enso/mei/), PDO (jisao. washington. edu/pdo/PDO.latest), NPGO (o3d. org/ npgo), and NOI, NP, and ONI (esrl. noaa. gov/ psd/ data/climateindices/list/). The annual total upwelling based on Singular Spectral Analysis was supplied by D. Macias (pers. comm.) .
Historical data of gonad size were of 3 types.
(1) We used gonad sizes determined by others that appeared in publications usually as gonad index (GI) values (gonad weight or volume/total WW × 100), but obtaining raw data was not possible (e.g. Lasker & Giese 1954 , Bennett & Giese 1955 , Boolootian 1966 , Gonor 1973 . Published GI graphs were scanned so correlations could be made with measures of ocean conditions. Unfortunately, it was not possible to reconstruct data from the GI in a form where statistical comparisons could be made with samples from other sites or times (cf. Ebert et al. 2011) . Three samples gathered by Gonor (1972) and presented as dry weights in figures were scanned so that raw data could be approximated. (2) We used original raw values from dissections (e.g. Law rence et al. 1965 , Ebert 1968 , Leighton & Jones 1968 , Coleman 1993 , Lester et al. 2007 , Basch & Tegner 2007 . (3) We used data gathered at sites along the coast during the 1980s, but samples were taken just once or twice a year (e.g. Russell 1987 ).
RESULTS
Size structure at sites used for gonad samples
Sea urchins gathered during 2007 to 2009 differed in size structure across the latitudinal range of the study (Fig. 2) . The largest individuals in the study were collected in Oregon and the smallest at Garrapata in central California. The inter quantile ran ges for Boiler Bay and Gregory Point (see Fig. 1 for site locations) did not overlap the interquantile ranges of Maalth-sit to the north or Garrapata and sites to the south. We also found differences in the presence of extreme values in the samples. Gregory Point collections were the only ones that in cluded no individuals outside 1.5× the inter quantile range (Hspread). All other sites had some individuals that were between 1.5 and 3× Hspread, and 3 sites (Bodega, Garrapata, and White Point) had some individuals that ex ceeded 3× Hspread. Density estimates in 2007 to 2009 (Fig. 2) were similar to previous estimates (Ebert 2010 ) and showed no latitudinal pattern (F 1, 29 = 3.004, p = 0.09). The large sea urchins found at Gregory Point had an estimated density similar to that of the small sea urchins at Garrapata. Large standard deviations also indicated substantial variation in density within sites.
Temporal changes and latitudinal differences from 2007 to 2009
Sea urchins from Gregory Point spanned the greatest size range (Fig. 2) and are used to illustrate the importance of including allometry in analyses of the annual changes in gonad size. Individual regressions were used (Eq. 2) to determine β for each sample date, and a clear pattern emerged (Fig. 3) showing an annual cycle of allometry. The significance of this cycle is important in application of Eqs. (4) or (5) to describe the pattern of annual gonad changes. Para meters were estimated for the Gregory Point data using Eqs. (4) and (5), without the coefficients B 1 and B 2 , and results showed smaller sum of squared error (SSE) with Eq. (5) compared to Eq. (4) ( Table 1 ). The AIC was calculated for each model, and the difference, Δ i , was 89. A difference >10 indicates essentially no support for a model (Burnham & Anderson 2002) , and so we used cyclic allometry in further analyses. Temporal variation in gonad development is best shown using individual regressions for each site. Parameters (Eq. 5) were estimated (NONLIN, SYSTAT 2004) for the cyclical changes in ln gonad weight as a function of ln total WW adjusted by 0.5 g and time.
With the exception of Punta Baja, sea urchins at all sites showed an annual cycle of gonad growth. For Punta Baja, 2 cycles yr −1 was supported versus just 1 cycle (Table 2 ). Mean total WW at each site was used with the estimated parameters (Table 3) to draw the fitted lines (Fig. 4) . For plotting, data from each sample were used with Eq. (2) to estimate allometric parameters and ad justed to the common mean total WW (NONLIN, SYSTAT 2004) together with 95% confidence limits. The 95% confidence limits varied from site to site and were greatest for Arena Cove, although most sites had at least 1 sample with large confidence limits. In general, both linear and quadratic terms im proved models (Table 3) , so 'linear alone' (just B 1 ) or 'no trend at all' had little or no support. The single exception was at White Point, where all 3 models had some support, although the best model was for 'no trend' (p = 68.7%) followed by a slightly increasing linear trend (p = 23.4%).
For purposes of comparison of sites, selecting a single characteristic total WW is difficult given the large differences in size structure (Fig. 2) . We chose 50 g for total weight and, using a previous estimation of parameters (Eq. 5) for each site, selected a time, t, to correspond to the maximum gonad size. Across sites, this varied from t = 0.84 and 1.84 (White Point) to t = 0.96 and 1.96 (Garrapata). We used 50 g and the 2 values of t in the estimation of parameters (Eq. 5) which was done in SYSTAT using the FUNPAR function and estimates ln G at ln T, where T is (50 g − 0.5 g). The 2 estimates for each site include 95% confidence limits (Fig. 5) . Gonad size as a function of latitude was not significant (F 1,14 = 0.031, p = 0.86), and we conclude that there is no latitudinal effect on gonad development.
A primary physical feature of latitude is SST, a factor that can change from year to year (Fig. 6) (Table 2) 
Gonad indices at Yankee Point and ocean conditions
A GI was determined for Strongylocentrotus purpuratus at Yankee Point from 1952 to 1955 (Fig. 7A) . The GI increased from 1952 to a high in 1955, which was followed by a decline to a low in 1958 and then a rise. GI values based on raw data gathered by Lawrence et al. (1965) showed a time displacement of the values in 1963 and may represent a problem with transferring information from the graph in Boolootian (1966) The annual mean GI at Yankee Point showed correlations ≥|0.7| with p ≤ 0.01 for 5 measures of ocean conditions: NP, MEI, ONI, MEI.ext, and SST (Table 4) . The PDO, with r = −0.57, had p = 0.06. SST was based on measurements made at Hopkins Marine Station, very close to Yankee Point, but other indices used large-scale and distant measures and so illustrate the significant teleconnections that exist. The pattern of monthly GI values (Fig. 7A) shows a high in 1955 and a low in 1958, which are La Niña and El Niño events, 155 Fig. 4 . Strongylocentrotus purpuratus. Annual cycles of gonadal weight (means ± 95% confidence limit) for the 8 monthly sampled sites (see Fig. 1 ). Fitted lines used all raw dissection data with Eq. (4) and plots are with mean total weights for each site; lines for 2 annual cycles are shown for Punta Baja respectively. The annual mean GI was plotted versus annual mean values of 4 indicators of ocean conditions ( Fig. 7B−E) . Patterns show that as the Aleutian Low intensifies (NP), gonad size goes down; the lowest mean value, 1011.5 mb, was for 1958 which was also the year of the highest mean SST, 14.6°C, at Hopkins Marine Station. NP, MEI, ONI, and SST were all associated with the patterns of upwelling of nutrients along the coast, but total annual upwelling (Table 4) was poorly correlated with the GI (r = 0.32, p = 0.34) and also poorly correlated with SST (r = −0.42), but much better with NP (r = 0.63). The signs of the correlations, however, all are in the expected direction, indicating large gonads during years of increased upwelling. This analysis supports a bottom-up influence on gonad growth in Strongylocentrotus purpuratus and indicates that any of the top 5 indices could be used as proxies for ocean conditions that promote development. It is important that the difference between the highest and lowest SST is about 2.4°C and between the greatest and smallest GI is about 6.4, so the range of values is much greater than SST and gonad size found for 2007 to 2008. Having a long run of data that includes a wide range of environmental conditions is important.
Ocean conditions and historical comparisons
Historical data were compared with dissection data from 2007 to 2009 and placed in the context of ocean conditions as summarized with the Multivariate ENSO Index MEI (Fig. 8) and major El Niño/La Niña events (see esrl.noaa.gov/psd/enso/mei/ and cpc. ncep. noaa. gov/ products/ analysis _ monitoring/ enso stuff/ ensoyears.shtml). Strength of El Niño (warm) and La Niña (cool) events was measured using the ONI and summarized by J. Null (ggweather.com/ enso/ oni.htm). Events were defined as 5 consecutive months at or above/below the 5° anomaly for warm or cool events. Weak, moderate, and strong events have SST anomalies of 0.5 to 0.9, 1.0 to 1.4, and ≥1.5, respectively. Over the past 50+ yr, ocean conditions have changed both relatively as shown by the MEI or ONI but also absolutely, as mean SST has increased in southern and central California at the Scripps Institution of Oceanography in La Jolla and at the Hopkins Marine Station in Pacific Grove (see shorestation . ucsd.edu).
The relationship between ocean conditions at Yankee Point and the GI can be seen in other data gathered along the coast. Boolootian (1966, his Figs. 25−28, p. 588) showed gonad cycles at 15 sites along the coast from 1958 to 1961. Northern sites such as Shell Beach, California, and 'Coos Bay' (in fact Sunset Bay), Oregon, showed the same general increase over time as Yankee Point during those years. Southern sites did not show a pattern, and 'Corona del Mar' in southern California failed to show a seasonal signal. The important point is that there was a clear negative relationship between the MEI and the GI at Yankee Point and many other northern sites along the coast.
Gonad size data for each site, including original data from all historical sites, were analyzed (Eq. 2) month by month to determine gonad size using the grand mean of total body WW adjusted by 0.5 g. The pairwise comparisons of means within months used the Bonferroni procedure at α = 0.05. Sea urchins were dissected at 2 sites on southwest Vancouver Island in the 1980s: Maalth-sit, near the mouth of Pachena Bay, and Seppings Island in Barkely Sound. All historical dissections in the 1980s were point samples rather than part of a monthly program. Gonad development during the 2007 to 2009 period was greater than during the 1980s (Fig. 9A) (Fig. 10A) come from the south side of Sunset Bay at a site called the Boulder Field (Ebert 1968) . Sea urchins at this site were of comparable size to those at Gregory Point, which is 0.7 km northwest. (Fig. 11B) , as well as differences across studies and samples. Sites sampled by D. Leighton were on both sides of White Point (Fig. 11A) , although mostly to the west and north. Samples from Mission Bay (Fig. 12A) not consistent across studies, and the only study that covered all months was from 1989 to 1990 (Basch & Tegner 2007) . The trend was for sea urchins in samples from 2007 to have gonads weights equal to those from 1994 to 1996, which covered months from February to July, and for sea urchins in the 1989 to 1990 samples to have smaller gonad weights than in 1994 to 1996, which covered July to December. Both of the periods 1989 to 1990 and 1994 to 1996 were mixtures of weak El Niño and weak La Niña conditions.
Historical data gathered at Punta Baja were scattered single samples from the 1980s and samples gathered during 2003 to 2005 (Lester et al. 2007) with gaps from 1 to 5 mo. Historical dissections (Fig. 12B) . In general, the historical data showed (Fig. 12B) Lasker (unpubl.), October 1962 to February 1964 (Lawrence et al. 1965 ), Stillwater Cove October 1984 to November 1985 (Kenner 1992 ). El Niño: 1963 La Niña: 1962 (weak), 1964 to mid-1965 (weak), 1984 . See Fig. 1 for site locations Differences in the ENSO conditions may be related to the overall higher values of gonad size during our study. Mostly, historical studies covered periods of strong to weak El Niño or weak La Niña. Only 1955 (Yankee Point), 1970 (Boiler Bay and Yaquina Head) , and 2007 (this study) had modest La Niña conditions. Unfortunately, it is not possible to reanalyze the historical data from Yankee Point, but the size structure of the samples (mode = 72 g, range 23−191 g) gathered by J. and A. Lawrence compared to the size structure of samples from Garrapata (mode = 25 g, range 4−76 g) suggests that these sites, despite their proximity, were very different with respect to potential productivity. (Russell 1987); Mission Bay July 1989 to 1990 (Coleman 1993 1994 to 1996 (Basch & Tegner 2007 (Lester et al. 2007 ). El Niño: 1982 , 1994 to early 1995 La Niña: 1985 , 1989 , mid-1995 to 1996 . See Fig. 1 for site locations size-specific gonad growth was less than when the MEI was negative (cool La Niña conditions). This association is most evident in the 11 yr data set at Yankee Point, California (Fig. 7B) , and emphasizes the importance of long-term studies in exploring demographic patterns. The proposed mechanism for the linkage between ocean conditions and gonad growth is the bottom-up effect of nutrient availability to benthic algae production and hence food for the sea urchins. The annual cyclical pattern of gonad growth during a year is not changed by ocean conditions (Fig. 4) . Sea urchins at all sites showed peak gonad size in about December and the smallest gonads by June, as described by various workers (e.g. Boolootian 1966 , Pearse 1981 , Pearse & Cam eron 1991 . Gametogenesis responds to photoperiod (Pearse 1981 , Pearse et al. 1986 ) and appears to be independent of other environmental signals such as temperature (reviewed by Pearse & Cameron 1991) . Accordingly, the annual cycle is an aspect of the reaction norms of gonad growth that is fixed with respect to photoperiod. Cues for initiation of spawning are less clear (Pearse & Cameron 1991) , although once maximum gonad size has been attained, spawning in the field appears to follow soon as indicated by the decline in size-specific gonad weight (Fig. 4) . Observations of S. purpuratus spawning in the field, however, are very rare (Pennington 1985 , Mercier & Hamel 2009 ). The importance of an increase in temperature to initiate spawning (Himmelman et al. 2008 ) seems unlikely in our study because sites from north to south all had maximum gonad size in November and December followed by a decrease in size. Furthermore, spikes in intertidal temperatures recorded by loggers (Fig. 6 ) failed to show temperature fluctuations in late fall. The gonad changes at Punta Baja (Fig. 4) indicate 2 events of gonad increase and decline during a year, which is not consistent with the primary importance of photoperiod in gonad growth. Pearse (1981) showed a single spawning season for Strongylocentrotus purpuratus at Papalote Bay (31°43' N, 116°43' W), Baja California del Norte, and using small S. purpuratus collected at this site, Pearse et al. (1986) experimentally showed the importance of photoperiod. Papalote Bay is only ~215 km north of Punta Baja, so if the annual cycle is determined by photoperiod, only 1 cycle of gametogenesis would be expected at Punta Baja. However, Pearse et al. (1986) did not observe changes in gonad size associated with the changes in the percent of ripe sea urchins, and thus no spawning event was observed under laboratory conditions. We did not examine sections of gonad tissue to measure progression of a reproductive cycle, so decreases in gonad size might be a result of resorption without spawning. However, this would create a problem of explaining why such a decrease would occur twice each year. Leahy et al. (1981) The spatial differences from Maalth-sit, British Columbia, to Punta Baja, Baja California del Norte, showed no latitudinal trend of size-specific gonad size and thus do not support the conclusion of Lester et al. (2007) that reproduction is better at the southern edge of the distribution of S. purpuratus. Size structure was different across sites, and the sea urchins collected at Garrapata in central California were very small com pared to those collected in central Oregon at Gregory Point and Boiler Bay. Size structure of intertidal populations at the latitudinal extremes in our study, Maalth-sit and Punta Baja, however, were similar.
Individual growth in test diameter at sites from Maalth-sit to Punta Baja (Russell 1987 , Ebert 2010 showed no latitudinal pattern, which has also been reported for red sea urchins Strongylocentrotus franciscanus (now Mesocentrotus franciscanus, see Vinnikova & Drozdov 2011) from Alaska to southern California (Ebert et al. 1999) . The lack of clear latitudinal patterns shows consistent resource allocation in this species. Although size structure varied, there were no regions along the coast where allocation was preferentially directed towards growth, so available space inside the test was not filled with gonads to the same extent as at other regions; large sea urchins have large gonads. Gonad development along the coast, as we have shown here, is consistent with these growth patterns. Both individual growth and gonad development appear independent of temperature changes associated with latitude, which is contrary to laboratory studies with S. purpuratus (Azad 2011) as well as other sea urchin species (e.g. Spirlet et al. 2000) . Physiological responses of purple sea urchins to temperature show acclimation under laboratory conditions (e.g. Farmanfarmaian & Giese 1963 , Ulbricht 1973 , and Percy (1972 Percy ( , 1973 found seasonal acclimatization in both respiratory metabo-lism and activity measured by the righting response of an inverted individual of the congener S. droebachiensis. Reaction norms of growth and gonad development can be similar across many degrees of latitude if food resources are available. Although many marine invertebrates show growth responses to latitude (e.g. Weymouth et al. 1931 , Hall et al. 1974 ), others do not (e.g. Gilman 2006 ). Tarr (1995) showed a clear adaptive response to temperature adaptation in the field. We hypothesize that the lack of a latitudinal pattern in gonad development in S. purpuratus is a consequence of physiologically plastic adjustment to the latitudinal changes in temperature and so is similar to the lack of a latitudinal pattern of growth (Russell 1987 , Ebert 2010 .
Differences in the seasonal progression of benthic algal production and subsequent production of detritus along the coast provide environmental variation in addition to seasonal changes in temperature. The algal cycle in Oregon had a high summer standing crop followed by a breakdown during the fall and barren rocks in winter (Ebert 1968) . Pearse (1981) and Rogers-Bennett et al. (1995) reported a similar pattern in central California where standing stocks of giant kelp accumulate in summer both as attached fronds and broken pieces but much of this is carried away by winter storms. In southern California, however, the seasonal variation is less, although an increase in summer and decline in winter has been reported (Basch & Tegner 2007) . ZoBell (1971) showed seasonal variation in drift of algae and seagrasses on beaches in southern California over a 12 yr period (1945 to 1957) . For total quantity, 27.4% of drift mass was found from April through September and 56.3% from November through February. The transition months of March and October had 16.1%. Littler (1980) calculated seasonal means of percent cover of macrophytes for 10 sites in the California Bight but found a very slight lowering during winter months.
Differences in the latitudinal distribution of algal species along the coast also contribute to the differences in food types that are available. Point Conception is a breakpoint for groups of algal species (Abbott & Hollenberg 1976) , and biomass is lower south of the point compared with sites to the north. Large laminarians and fleshy red algae are abundant north of Point Conception, but to the south, smaller fucoids and branched red algae are more abundant. We speculate that the availability of algae differs from north to south. Northern populations of sea urchins benefit from a large pulse of detritus in the fall that is followed by a lack of food during the winter, whereas in the south, food is more evenly distributed throughout the year. However, such latitudinal measurements have not been made. Given differences in food type and seasonal availability, detrital pulses, and temperature differences, lack of a latitudinal trend in size-specific gonad size (Fig. 5) is an indication of substantial phenotypic plasticity in Strongylocentrotus purpuratus.
Comparing historical data at White Point to data from 2007 to 2009 is complicated by changes in water quality that have taken place since the dissections made by D. Leighton in 1966 and 1967 . Extensions of the sewer outfall at White Point on the Palos Verdes Peninsula in Los Angeles were made in 1956, with a second larger extension in 1966, but emissions of effluent solids did not reach a peak until 1971, after which there was a dramatic drop due to improved treatment (Stull et al. 1996) . Kelp cover off the Palos Verdes peninsula did not begin to recover until 1977 (Schiff et al. 2000) . Historical data from sites on the Palos Verdes peninsula were all gathered while the area was still highly polluted; it is therefore important to note that intertidal samples from Cabrillo Beach gathered during 1966 to 1970 showed gonad development comparable to that of samples collected in 2007 to 2009. Pearse et al. (1970) speculated that sea urchins at White Point benefited from sewage. There are also sulfur springs in the intertidal at White Point, and bacterial production may contribute to sea urchin nutrition.
Reproductive studies of species that span edges as well as the middle portion of a geographic range contribute to understanding mechanisms that determine limits. We found no evidence for any latitudinal pattern for size-specific gonad production in Strongylocentrotus purpuratus and infer that reproductive output does not act as a mechanism for range limitation. Size structure, however, may be useful in identifying regions of particular significance for gamete pro duction. Purple sea urchin populations along the southern and central coast of Oregon (Gregory Point/ Sunset Bay and Boiler Bay) may be important sources of gametes, although it would have to be determined whether gametes released at these sites had an impact on recruitment anywhere along the coast. A lack of knowledge concerning connectivity of sites continues to represent a major unsolved problem in understanding ranges and limits. We have shown that gonad growth does not change with latitude and contribute to establishing the geographic range limits of S. purpuratus, and we have shown the importance of bottom-up forcing by ocean conditions on size-specific gonad development. 
